To aid efficient use of the gas flow rate for a smelting reduction furnace, this study investigates the effect of gas bottom blowing and stirring on the mixing time of the molten iron phase. In this study, transparent acrylic is used to construct a water model, which is 60% as big as the original experimental melting reduction furnace of the China Steel Corporation. The mixing time of the molten iron phase in the water model is measured by using gas bottom blowing and changing the number of tuyeres (from three to five), the tuyere placement, the tuyere size (6.0-15.0 mm), and the gas flow rate per tuyere (80-120 NL/min).
Introduction
The direct smelting reduction method is an innovative smelting process. In an ironmaking smelter, iron ore is heated and then liquefied to molten slag. Subsequently, ferric oxide in the molten slag reacts with carbon suspended in the molten slag or soluble carbon in the liquid iron in the slag phase, to be restored to liquid iron. Based on reaction kinetics, in addition to enhancing the reaction temperature and concentration of a reactant, having more reaction areas in the molten iron and slag phases may increase the reaction speed. Thus, the stirring efficiency of the molten iron and slag phases significantly affects the reaction speed of ironmaking smelters. This study focuses on a water model experiment using stirring states of bottom-blowing gas in this mixing process and investigates optimum gas bottom blowing conditions and operation design for the process to improve liquid iron productivity. 1, 2) Thus, choosing appropriate gas bottom blowing conditions and obtaining better mixing of molten iron/iron slag in a smelting reduction furnace are important issues. However, the factors affecting the mixing include the tuyere placement, the number of tuyeres, the tuyere diameter, and the bottom-blowing gas flow rate, 3, 4) and it is necessary to find the best operating combination. Therefore, to aid effective use of the bottom-blowing gas flow rate in a smelting reduction furnace, this study investigates the stirring state of bottom-blowing gas and the mixing time for the molten iron phase. We adopt different gas bottom blowing conditions to obtain different mixing times and then determine the best conditions for mixing. Nakanishi et al. 6) and Sinha et al. 7) used a water model to simulate stirring states in a ladle and used pH value measurements to determine the mixing time. Although data collected by this method are not easily affected by other impurities, a pH meter malfunctions easily, and stable measured values cannot be obtained easily. Therefore, another measurement using a conductivity meter has been presented 8, 9) and is applied in this study to investigates the relationship between bottom blowing conditions and molten iron phase mixing.
According to the research conducted by Kramers et al., 5) the mixing time is defined as a time interval from when a potassium chloride solution with known concentration is poured into a stirring tank to when the variation in conductivity, as measured by a conductivity meter, is smaller than 0.1% of the balanced conductivity value. Joo et al., 10) Chung et al., 11) Zhu et al., 12) and Turkoglu et al. 13) used water model experiments to investigate the mixing efficiency in a ladle. In sum, when a bottom-blowing tuyere is located in the center of the water model, its flow field is symmetric and the mixing effect is worse; in contrast, when the bottom-blowing tuyere is away from the center, the flow field is disordered, and a better mixing efficiency can be obtained. Furthermore, the position at which a conductive liquid is poured into the water model also affects the mixing time. 13, 14) The literature 15) indicates that the mixing effect is better in the water model when the conductive liquid is poured at a position at the center of the gas injection. Ajmani et al. 16 ) used a water model to simulate mixing states of the molten iron phase in a ladle, changing the height of top blowing, bottom-blowing flow rate (2.0-4.2 Nm 3 /h), number of tuyeres, and tuyere placement to measure the mixing time. The result shows that the mixing time decreases with higher top blowing and increased bottom-blowing gas flow rate. Also, the mixing effect of three tuyeres is better than that of four. Nyoka et al. 17) and Schwarz 18) adopted a water model to simulate stirring states of the molten iron phase in a converter. The results indicate that the mixing time decreases when the gas flow rate increases, i.e., the higher the gas flow rate, the better the mixing effect. Also, Chen et al. 19 ) use a mathematical model of fluid flow phenomena for the liquid bath in and mixing states the smelting reduction processes by the CFD. The result shows that the effect of gas flow rate on the mixing state of the molten iron and slag phases can be divided into three parts. A higher gas flow rate makes higher-speed blowing gas leave the surface of the liquid, worsening mixing in the furnace. An intermediate gas flow rate also stirs the surface of the liquid and subsequently damages the firebricks on the furnace wall. A low gas flow rate has an appropriate stirring effect on the liquid's surface.
In sum, although most studies focus on ladle or converter systems, their experimental parameters and conditions should be noted. Furthermore, the bottom-blowing gas strength of a smelting reduction furnace is much stronger than that of a ladle or converter. As fewer studies have examined the smelting reduction furnace, relevant issues deserve further investigation. Therefore, this study relies on the smelting reduction furnace to investigate bottom blowing conditions in a mixing experiment in which the bottom-blowing tuyere diameter, the number of tuyeres, the tuyere placement, and the bottom-blowing gas flow rate are varied. The mixing time of the molten iron phase is evaluated to establish a high-efficiency bottom blowing stirring technique to aid the design and operation of direct smelting reduction.
Experimental Apparatus and Procedure

Experimental apparatus
The purpose of this study is to provide the references to design and operate the gas bottom blowing system for CSC's Ironmaking Smelter. A transparent acrylic water model, which is 60% in size of the actual Ironmaking Smelter in Fig. 1 , 20) is used to study the on mixing of molten iron. In all experiments, the height of the alternate iron-phase medium is fixed at 480 mm. The parameters for injection trials, listed in Table 1 , include bottom-blowing tuyere size, total gas flow rate, and tuyere placement.
Measurement of mixing time
A potassium chloride solution is used for the conductive liquid in the mixing experiment. (The potassium chloride concentration is 30 mass%, and 50 mL is poured into the water model.) The mixing time is defined as the interval between when the conductive liquid is poured and when the conductivity values detected by different conductivity meters are balanced and the variation in these values is less than 0.1% balanced conductivity. The placement of conductivity meters also affects the mixing time. Thus, in this study, one conductivity meter is located in the position of the bottom center of 5 cm and is 2 cm above the bottom. Another is located at the center of the liquid's surface and 5 cm deep. The third is located in a dead zone. The reason is that the literature 10) indicates that in a bottom-blowing gas stirring system, a motionless flow field called the dead zone exists; in this zone, mixing is slowest. Thus, one conductivity meter should be located in the dead zone to measure the slowest mixing time in the water model. As shown in Fig. 2 , the position of the dead zone is the one that red ink reaches most slowly when it is poured into the water model and then diffuses. This process occurs under a liquid height of 480 mm in the water model, and the bottom-blowing and stirring are performed. Figure 3 shows that the conductivity values of the three meters reach a balance; the mixing time is indicated by the dashed line. In addition, the mixing trials suggest that the injection energy of the gas may not be completely transformed into the stirring energy applied to the liquid, since some kinetic energy may dissipate in the air. Therefore, this study also adopts the spraying height of the liquid as an indicator for kinetic energy dissipation of gas injection; i.e., the higher the spraying height, the more kinetic energy dissipates.
2.3
Similarity conversion between the water model and an ironmaking vessel According to previous research, 20, 21) the bottom-blowing nitrogen flow range on an actual ironmaking vessel system can be converted into the air flow range of a water model system using this equation, as shown by Q iv ¼ 1:295 À5=2 Q wm . Where Q iv is the gas flow rate operation in the water model of reduced size (NL/min), Q wm is the gas flow rate operation in the water model of full size (NL/min), and is the ratio of reduction.
Definition of spout height
In this experiment, the water model is filled with the water of about 480 mm height. The water surface height without gas bottom blowing is measured after 30 min settling down. This height is defined as the static water surface height. When gas stirring starts, the water bath surface exhibits a taller and dynamic profile of a spout zone due to the existence of a group of ascending gas bubbles inside the water bath. The difference between the highest point of the spout zone and the static water surface height is defined as the spout height. Figure 4 shows the relationship between tuyere size and mixing time under different bottom-blowing total gas flow rates (240 NL/min, 300 NL/min, and 360 NL/min) in the case of three tuyeres in the triangle-corner placement. Each of the three curves has two turning points. When the inner diameter of the tuyere is smaller than 10.0 mm, the mixing time increases as the tuyere size increases. In contrast, when the tuyere size is greater than 10.0 mm, the mixing time decreases and then increases as the tuyere size increases. The 12.5 mm tuyere has the shortest mixing time, meaning that Dead Zone the best mixing effect is achieved. This implies that although the operating energy of the 10.0 mm tuyere is greater than that of the 12.5 mm tuyere, the mixing effect of the 10.0 mm tuyere is worse due to a counteracting effect of the gas injection energy. The gas injection energy of the 15.0 mm tuyere is insufficient, and the mixing effect worsens. Therefore, in the case of three tuyeres in the triangle-corner placement, a tuyere size of 12.5 mm is the best choice for enhancing the mixing effect and gas injection efficiency. Figure 5 shows the relationship between tuyere size and mixing time under different bottom-blowing total gas flow rates (320 NL/min, 400 NL/min, and 480 NL/min) in the case of four tuyeres in the square-corner placement. The result indicates that the best mixing effect (shortest mixing time) is achieved when the total gas flow rate is 480 NL/min and the tuyere size is 10.0 mm. The 10.0 mm tuyere is also optimal for total gas flow rates of 320 NL/min and 400 NL/ min. In contrast, the 6.0 mm tuyere has the worst mixing effect (longest mixing time); furthermore, when the tuyere size is greater than 10.0 mm, the mixing effect decreases as the tuyere size decreases. These findings also apply to total gas flow rates of 320 NL/min and 400 NL/min. Thus, with tuyeres ranging in size from 10.0 to 15.0 mm, the smaller the tuyere, the shorter the mixing time (and the better the mixing effect), whereas with tuyeres ranging in size from 6.0 to 7.5 mm, the smaller the tuyere, the longer the mixing time (and the worse the mixing efficiency). Figure 6 shows that regardless of the total gas flow rate, the average spout height increases as the tuyere size decreases. Based on experimental data shown in Fig. 5 and Fig. 6 , it was indicated that the higher intensity of the total blown energy via the smaller diameter (6.0 and 7.5 mm) of tuyere worsens the mixing efficiency of the liquid bath. The lower intensity of the total blown energy via the larger diameter (12.5 and 15.0 mm) of tuyere also worsens the mixing efficiency at the same gas flow rate. The appropriate size (10.0 mm) of the tuyere can obtain the best mixing efficiency due to the appropriate intensity of the total blown energy. In the simulation of the CFD model done by Chen et al. 19) for a smelting reduction vessel with gas bottom blowing, the same conclusion as the above phenomenon was drawn. The reason for this phenomenon is that the more energy dissipates for ejecting liquid up to the freeboard of the vessel in the case of too high intensity of the total blown energy. Additionally, the research of Su et al. 21) also indicated that an increase of the total energy of the blown gas via reducing the tuyere size could not enhance the mixing efficiency of molten iron and slag inside the ironmaking smelter. Figure 7 shows the relationship between tuyere size and mixing time under different bottom-blowing total gas flow rates in the case of four tuyeres in the triangle-corner-center placement. The result indicates that the best mixing effect (shortest mixing time) is achieved when the total gas flow rate is 480 NL/min and the tuyere size is 10.0 mm. The 10.0 mm tuyere is also optimal for total gas flow rates of 320 NL/min and 400 NL/min. However, when the total gas flow rate is 480 NL/min and the tuyeres are smaller than 10.0 mm, the smaller the tuyere size, the longer the mixing time. This is because a smaller tuyere can generate higherspeed bottom-blowing gas under a particular total flow rate. The higher-speed gas produces bubbles, which leave the liquid. Thus, most of the energy of the gas dissipates in the air, so less energy is used to stir the liquid. Thus, the mixing effect is worse, and mixing takes longer. Furthermore, when the tuyere is bigger than 10.0 mm, the mixing time increases as the tuyere size increases. This is because the larger size can produce larger bubbles, and the tuyere in the center may counteract the effect of the kinetic energy of the bottomblowing gas so that the stirring energy applied to the liquid is reduced, and the mixing effect worsens. These relationships also apply to total gas flow rates of 320 NL/min and 400 NL/min. Therefore, in the case of four tuyeres in the triangle-corner-center placement, the 10.0 mm tuyere provides the best mixing effect. Figure 8 shows the relationship between tuyere size and mixing time under different bottom-blowing total gas flow rates in the case of five tuyeres in the square-corner-center placement. The result indicates that the best mixing effect (shortest mixing time) is achieved when the total gas flow rate is 500 NL/min and the tuyere size is 10.0 mm. At that gas flow rate, if the tuyeres are smaller than 10.0 mm, the smaller the tuyere size, the longer the mixing time. This is because the smaller tuyeres can generate higher-speed bottom-blowing gas under a particular flow rate. Subsequently, most of the energy of the gas dissipates in the air, so less energy is used to stir the liquid. Furthermore, when the tuyere size is greater than 10.0 mm, the mixing time increases as the tuyere size increases. This is because the larger tuyeres produce lowerspeed bottom-blowing gas under a particular flow rate, reducing the stirring energy applied to the liquid and worsening the mixing effect. These relationships also apply to the total gas flow rate of 400 NL/min. However, under a total gas flow rate of 600 NL/min, the 12.5 mm tuyere yields the shortest mixing time. The reason for this may be that the situation in the stirring liquid phase is different at this rate from those of the other two rates in the water model using five bottom-blowing tuyeres, and that the flow field at a high gas flow rate is more severe compared to that of low gas flow rates, and the injection energy dissipates dramatically. Therefore, the 12.5 mm tuyere provides the best mixing effect, but the flow field issue must be further observed and verified.
Results and Discussion
Effect of tuyere size on mixing time
We summarize the effect of tuyere size on mixing time as follows. With four tuyeres in the square-corner or trianglecorner-center placement, the 10.0 mm tuyere has the shortest mixing time under different total gas flow rates. With five tuyeres in the square-corner-center placement, the 10.0 mm tuyere has the shortest mixing time under total gas flow rates of 400 NL/min and 500 NL/min. However, the 12.5 mm tuyere has the shortest mixing time under a total gas flow rate of 600 NL/min. In addition, with three tuyeres in the trianglecorner placement, the 12.5 mm tuyere has the shortest mixing time under different total gas flow rates.
Due to high flow rates of the bottom blown gas in experiments of this study, the mixing of the liquid bath is mainly contributed from the turbulence of liquid flow inside the vessel. Actually, the intensity of the turbulence can not be measured easily. Therefore, the mixing time was defined and measured in this study to investigate the effect of the tuyere placement on the mixing efficiency of the liquid bath. In this study, tuyere placement can be grouped into two configurations, triangle corner placement and square corner. Based on the experimental data shown in Fig. 5 and Fig. 6 , it is indicated that the mixing efficiency decays as the total gas flow rate increased due to the increasing dissipation of the total energy carried by the blown gas in the case of 6.0 and 7.5 mm tuyeres. In practice, the total energy of bottom blown gas can be promoted via reducing the tuyere size or increasing the gas flow rate. In the small size tuyere (6.0 mm and 7.5 mm), an increase of total energy of the blown gas via reducing the tuyere size can not enhance the mixing efficiency as total gas flow rate increases. This characteristic means that, with the same gas flow rate per single tuyere, as size decreases, the velocity per tuyere increases, which causes the injection gas plume to rush over the surface of the liquid bath. This results in the stirring energy disappearing, which makes the mixing efficiency worse. Comparatively, the mixing time in the case of 10.0 mm tuyere was the shortest. It means that there was no gas channeling happened in the stirred liquid bath and more total blown energy could be transferred to the liquid. Also, the blown gas via the large size tuyere (12.5 mm and 15.0 mm) had less blown energy, limiting the stirring ability. That means the velocity per tyuere and the energy of injected gas are both smaller, which makes a lower mixing efficiency. Additionally, due to the Placement of the bottom-blowing tuyere influenced stirring energy counteracting, and this most obviously for a center tuyere surrounded by a balance of tuyeres which resulted in energy dissipation from these areas.
In the case of triangle-corner placement of tuyeres, it is difficult to explain the relationship between tuyere size and mixing time under the same gas flow rate. However, the shortest mixing time was obtained at 12.5 mm tuyere size regardless of total gas flow rate. Additionally, in the case of the triangle-corner placement with a center tuyere, bottom blown gas via the tuyeres of 10.0 mm had the minimum mixing time as the total gas flow rate increased.
Effect of the number of tuyeres on mixing time
To examine the effect of the number of tuyeres on mixing time, we use the results discussed in section 3.1 and consider arrangements of 3, 4, and 5 tuyeres to determine the combination with the best mixing time. These arrangements are three 12.5 mm tuyeres in the triangle-corner placement, four 10.0 mm tuyeres in the square-corner placement, and five 10.0 mm tuyeres for total gas flow rates of 400 NL/min and 500 NL/min, or five 12.5 mm tuyeres in that placement for a total gas flow rate of 600 NL/min. Table 2 illustrates the relationship between number of tuyeres and mixing time under different gas flow rates per single tuyere. When the gas flow rate per tuyere is 80 NL/min, the mixing time increases as the number of tuyeres increases. This implies that bubbles produced between these tuyeres affect each other, counteracting the energy added by the bottom-blowing gas. 21) For instance, in the case of five tuyeres, the energy of the bottom-blowing gas from the tuyere in the center is counteracted by that of the other four tuyeres, decreasing the energy of the tuyere in the center. On the other hand, the energy of the bottom-blowing gas from the tuyere in the center also counteracts the energy of the other four tuyeres, decreasing the energy of the bottomblowing gas from them, so the energy of the total bottomblowing gas also decreases. Thus, the stirring energy applied to the liquid from the bottom-blowing gas is reduced, and the mixing time lengthens; i.e., the mixing effect worsens. Moreover, since three tuyeres have less flow of bottomblowing gas, the counteracting effect of three tuyeres is less severe than that of four tuyeres, and the counteracting effect of four tuyeres is less severe than that of five. Thus, the shortest mixing time occurs with three tuyeres, whereas the longest mixing time occurs with five.
As listed in Table 2 , when the gas flow rate per tuyere is 100 NL/min, the mixing time of five tuyeres is still longer than that of three or four tuyeres, which means that the energy of the bottom-blowing gas of five tuyeres is counteracted the most. Also, three and four tuyeres have the same mixing time, because under a gas flow rate of 100 NL/min, three and four tuyeres apply the same stirring energy and counteracting energy to the liquid. When the gas flow rate per tuyere is 120 NL/min, the net energy of four tuyeres, which is the energy of the bottom-blowing gas minus its counteracting energy, is greater than that of three tuyeres. Thus, four tuyeres have the shortest mixing time (best mixing effect), whereas five tuyeres have the longest mixing time (worst mixing effect), since more of the energy of the bottomblowing gas may be counteracted.
In sum, when the gas flow rate per tuyere is 80 NL/min, the fewer the tuyeres, the shorter the mixing time (and the the better the mixing effect). Moreover, four tuyeres and a gas flow rate per tuyere of 120 NL/min provide the best mixing effect. Figure 9 shows the relationship between tuyere size and mixing time under different total gas flow rates and different tuyere placements in the case of four tuyeres. In Fig. 9(a) , under a total gas flow of 320 NL/min, the 6.0 mm tuyere has a shorter mixing time in the triangle-corners-center placement than in the square-corners placement; the 10.0 mm or 15.0 mm tuyere has a shorter mixing time in the squarecorners placement than in the triangle-corners-center placement. For the 12.5 mm tuyere, both placements have almost the same mixing time. Also, the same results appear in Figs. 9(b) and 9(c). In addition, in the square-corners placement, the 10.0 mm tuyere has the shortest mixing time, indicating better mixing and stirring of the liquid phase. In sum, the number of tuyeres, tuyere size, and total gas flow rate probably result in different mixing times due to different tuyere placements. In the triangle-corners-center placement, one tuyere in the center may counteract the flow fields produced by the other three tuyeres, dissipating the energy of the gas used to stir the liquid; the mixing time becomes longer, and the stirring and mixing in the liquid phase is less effective. In the range of the experimental total gas flow rates, the 10.0 mm tuyere provides the best mixing.
Effect of tuyere placement on mixing time
3.4 Effect of total gas flow rate on mixing time Figure 10 shows the relationship between total gas flow rate and mixing time in the case of three tuyeres in the triangle-corner placement. The result indicates that except for the 10.0 mm tuyere, the mixing time decreases as the total gas flow rate increases. This is because when the total gas flow rate increases, the total energy of the gas flow also increases, and the stirring energy applied to the liquid increases. However, in the case of the 10.0 mm tuyere, the mixing time increases as the total gas flow rate increases. The reason may be that the inner flow field of the 10.0 mm tuyere in the water model differs from that of the other tuyere sizes, resulting in a worse mixing effect. Thus, in the case of three tuyeres in the triangle-corner placement, the stirring energy of the bottomblowing gas applied to the liquid in the water model using 10.0 mm tuyeres decreases as the total gas flow rate increases, lengthening the mixing time. Figure 11 shows the relationship between total gas flow rate and mixing time in the case of four tuyeres in the squarecorner placement. The result indicates that except for the 6.0 mm and 7.5 mm tuyeres, the mixing time decreases as the total gas flow rate increases. This is because when the total gas flow rate increases, the total energy of the gas flow applied to the liquid also increases, as described above. However, in the case of the 6.0 mm and 7.5 mm tuyeres, the mixing time increases as the total gas flow rate increases. The reason is that under the same total gas flow rate, the speed of the total gas flow increases as the inner diameter of the tuyere decreases. From section 3.1, when the flow speed increases, the spraying height also increases, and some kinetic energy of the bottom-blowing gas may dissipate in the air. Therefore, the energy of gas available to stir the liquid decreases, the mixing of the liquid phase worsens, and consequently the mixing time also increases. Figure 12 shows the relationship between total gas flow rate and mixing time in the case of four tuyeres in the triangle-corner-center placement. The result indicates that with 7.5 mm, 10.0 mm, and 12.5 mm tuyeres, the mixing time decreases as the total gas flow rate increases. However, with 6.0 mm and 15.0 mm tuyeres, the mixing time increases as the total gas flow rate increases. Referring to Fig. 6 , the reason may be that in the case of 6.0 mm tuyeres, when the flow speed increases, the spout height also increases, and some kinetic energy of the bottom-blowing gas may dissipate. As described above, the energy available to stir the liquid decreases, increasing the mixing time. Also, with 15.0 mm tuyeres under a particular gas flow rate, the energy of the bottom-blowing gas decreases, lessening the stirring effect. Referring to Figs. 11 and 12 , even at the same total gas rate, the tuyere placement differs, and the mixing states in the water model also vary, meaning that tuyere placement significantly affects the mixing time. Figure 13 shows the relationship between total gas flow rate and mixing time in the case of five tuyeres in the square- corner-center placement. The result indicates that with 12.5 mm and 15.0 mm tuyeres, the mixing time decreases as the total gas flow rate increases. However, the curve trends of the other three tuyere sizes are different. With 6.0 mm and 7.5 mm tuyeres, the mixing time increases as the total gas flow rate increases. With 10.0 mm tuyeres, the mixing time decreases and then increases as the total gas flow rate increases. Figure 13 shows that in the case of five tuyeres in the square-corner-center placement, when the number of tuyeres increases, the stirring state in the water model may become so severe that the effect of the gas flow rate on the mixing time is more irregular. In sum, since the number and placement of the tuyeres vary, the flow fields of the liquid phase may be varied, which influences the mixing effect and results in different mixing times. In addition, the experimental results prove that increased gas flow may result in counteracting effects or dissipation of energy, reducing the stirring energy applied to the liquid. Therefore, the best choice for mixing is to use four 10.0 mm tuyeres in the square-corner placement and a gas flow rate of 480 NL/min.
Actual operation in an ironmaking smelter
The optimal setup for the water model system (four 10.0 mm tuyeres in the square-corner placement with a total gas flow rate of 480 NL/min) can be converted into the actual operating conditions in an ironmaking smelter using the similarity conversion formula (Sec. 2.3), yielding optimal conditions of four 16.67 mm tuyeres and a nitrogen gas flow rate of 1,721 NL/min.
Conclusion
(1) Effect of tuyere size: The experimental results indicate that with three tuyeres in the triangle-corner placement, the 12.5 mm tuyere yields the shortest mixing time under different total gas flow rates. With four tuyeres in the square-corner or the triangle-corner-center placement, the 10.0 mm tuyere yields the shortest mixing time under different total gas flow rates. With five tuyeres in the square-corner-center placement, the 10.0 mm tuyere yields the shortest mixing time under total gas flow rates of 400 NL/min and 500 NL/min. However, the 12.5 mm tuyere yields the shortest mixing time under a total gas flow rate of 600 NL/min. (2) Effect of the number of tuyeres: When the gas flow rate per tuyere is 80 NL/min, a configuration with three tuyeres has the shortest mixing time (better mixing effect). When the gas flow rate per tuyere is 120 NL/min, a configuration with four tuyeres has the best mixing effect. (3) Mixing state: When the tuyere size is 10.0 mm, the mixing state of four tuyeres in the square-corners placement is better than that of four tuyeres in the triangle-corners-center placement. (4) Effect of gas flow rate: Higher gas flow rates may result in a counteracting effect on the kinetic energy of the bottom-blowing gas or dissipation of some of its energy, reducing the stirring energy applied to the liquid. (5) Mixing state and injection efficiency: The best combination for the gas injection and mixing states of the molten iron phase in the furnace is four 10.0 mm tuyeres in the square-corner placement and a total gas flow rate of 480 NL/min. The conversion formula yields actual operating conditions in an ironmaking smelter of four 16.67 mm tuyeres in the square-corner placement and a total nitrogen gas flow rate of 1,721 NL/min. Fig. 13 Relationship between total gas flowrate and mixing time in the case of five tuyeres in the square-corner-center placement.
